T lymphocytes develop in the thymus, where they become self-tolerant, self-MHC restricted, and functionally competent (for reviews see references [1] [2] [3] . Most peripheral T cells bear on their surface a heterodimeric receptor composed of TCK c~ and/3 chains, expressed in conjunction with the invariant CD3 protein complex. TCK ot and/3 chain proteins are produced after somatic rearrangements in germline gene sequences encoding multiple members of V, J, and in the case of TCR-/3, D gene regions (for a review see reference 4). Such rearrangements are random, which accounts for much of the diversity in the TCR repertoire. One liability of this mechanism, however, is that a large proportion of such rearrangements (two out of three at each locus) result in out-offrame configurations. Thus, many T lymphocytes are believed to perish intrathymically as the result of failed rearrangements.
During differentiation, immature thymocytes pass through a series of developmental stages that can be defined phenotypically (1) . The most numerically predominant of these ('~80% of all thymocytes) expresses both CD4 and CD8 coreceptor surface molecules. These CD4 + 8 + (double positire [DPp) cells can be further subdivided on the basis of CD3/TCR surface expression levels (see Fig. 1 ). The most mature of these (about 1-2% of DP) express high levels of CD3/TCK cx//3, and represent cells that have undergone positive selection, but have not yet downregulated either CD4 or CD8 (5-7). Such CD3hIDp arise from a group of DP cells characterized by low level expression of CD3 and TCR cd/3. These CD3n~ represent 60-70% of all DP cells, and are believed to be the population of cells subject to positive and negative selection (1) . The remainder of DP cells ('~30%) apparently lack CD3 and TCK expression (CD3-DP), and have been thought to represent two types of cells; those currently rearranging TCK c~ and/3 genes, and those that have failed to generate in-frame rearrangements in either TCK c~ or/3 genes (5, 8) .
Although the fate of DP cells is central to the process of T cell development, their direct study has been plagued by two inherent characteristics of this cell type. First, DP cells are short-lived in vivo, and even more so in vitro (9) , thus severely restricting the types of investigations that may be performed. However, by far the most limiting factor is that death among DP cells is accelerated by treatment with anti-CD3/TCR antibodies, presumably by mimicking the signals involved in negative selection (10) (11) (12) . Since DP subsets can be distinguished only on the basis of surface CD3/TCK levels, any attempt to segregate DP subsets induces their rapid death. These obstacles have now been overcome through the use of mice expressing transgenic bcl-2 (13) (14) (15) . In such mice, T cell development, function, number, and ratios are essentially normal (15) . However, DP cells from these mice are remarkably resistant to the forms of death characteristic of DP cells from normal mice, including preprogramed death and death induced by CD3/TCR engagement with antibodies (15) . Consequently, we are now able to examine aspects of DP cell development using purified DP subsets.
In the current study, we show that the vast majority of DP thymocytes successfully rearrange and express TCR ot and B chain genes, contrary to expectations based upon single and random rearrangement events on each allde at each locus (for a discussion, see references 4 and 8). Further, we show that noncycling thymocytes already expressing cell surface CD3/TCR ot/~ molecules also express the recombination activating genes RAG-1 and -2. These cells not only continue to rearrange TCR ot genes, but can also replace existing surface TCR ot chains with newly formed ones, thus maximizing their chances for successful positive selection. The implications of these findings regarding thymocyte selection, survival, and death are discussed in the context of a substantially revised model of intrathymic T cell development. using a FACStar Plus | cell sorter (Becton Dickinson & Co., Mountain View, CA).
Cell Culture. Purified populations of thymocytes were cultured in RPMI 1640 medium made isotonic to mouse serum, and containing 5-10% fetal bovine serum and 5 x 10 -s M/~-ME. Cultures were incubated at 37~ in humidified incubators containing 10% CO2/90% air. Both before and after culture, cell viability and number were determined by light microscopy, using eosin as a viability dye.
RAG Expression. RNA was extracted and purified from purified populations of thymocytes using guanidium isothiocyanate/acid phenol as described (19) . RNA was electrophoresed on 1% formaldehyde/1.2% agarose gels. The amount of RNA loaded in each lane was the total amount isolated from '~1.2 x 106 cells, as determined by flow cytometer and hemacytometer counting. Confirmation of equal loading of RNA between lanes was obtained by ethidium bromide staining of the gel after ehctrophoresis. Electrophoresed RNA was transferred to nitrocellulose filters, and Northern blot hybridization was carried out using a random-primed ot-[3zp]dCTP-labeled 1.4-kb ApaI fragment of murine RAG-1 cDNA as a probe (20) . Blots were exposed, imaged, and quantitated using a PhosphorImager | scanner (Molecular Dynamics, Inc., Sunnyvale, CA).
Results
Spontaneous Acquisition of Surface CD3/TCR cr/fl by Noncycling CD3-DP Thymocytes. Since small cortical CD3-DP calls are nondividing (21) and apparently TCR-(see Discussion), it has been assumed that these were likely to represent the large pool of end-stage products of failed rearrangement attempts. However, when cultured in simple medium without additional stimuli, most CD3-DP thymocytes from bcl-2 transgenic mice rapidly acquired typical cortical surface levels of CD3 (Fig. 2) . About 80% of noncycling CD3-DP, and 90% of cycling CD3-DP blasts, expressed low level CD3 by day 2 of culture (Table 1) . No cells ex-
Materials and Methods
Mice. All mice used for these studies were bred and maintained under specific pathogen-free conditions. C57BL/6 mice for RAG expression studies were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice expressing transgenic bcl-2 (15) and/or H-Yspecific, H-2Db-restricted TCK genes (16) Cell Staining and Sorting. Single cell suspensions of fresh or cultured thymocytes were stained and sorted as described (5, 9, 17, 18) . Mature CD4-8 + transgenic TCR c~/B + T cells were sorted from the LNs and spleen of transgenic mice after depletion of CD4 + and B cells using antibodies and complement (9, 17, 18) . Antibodies used for depletion, staining, and sorting were as follows: anti-CD3, done KT3; anti-CD4, done GK1.5; anti-CD8, done 53-6.7; anti-TCR 8, clone H57-597; anti-TCR c~ transgene, clone T3.70; and an antibody detecting transgenic TCR ~ chains, done F23.1. Antibodies were either directly conjugated to fluorescein (anti-CD8, anti-TCR c~ transgene), or to allophycocyanin (anti-CD4), or were conjugated to biotin and used with a PE-streptavidin as a second stage. Sorted cells were always >99% pure. Cultured cells were restained using the same antibody/fluorochrome combinations used in sorting. Cell sorting and analysis were performed Table 1 ). Fluorescence levels are shown on a four-decade logt0 fluorescence intensity scale.
pressing these levels of CD3 were present in the post-sort reanalysis ( Fig. 2 , top), demonstrating that such surface expression represents bona fide acquisition of CD3. T C R fl chain expression profiles were indistinguishable from those of CD3 in all experiments (data not shown). Since mAbs to T C R ol chains are not available, T C R o~ chain expression could not be demonstrated. However, C D 3 / T C R fl expression at these levels is not known to occur in the absence of TCR-c~, suggesting that these are T C R ol/fl heterodimers.
The slightly higher levels of C D 3 / T C R seen after culture, when compared with freshly isolated thymocytes ( Fig. 2) , Figure 3 . Northern blot analysis of RAG-1 mRNA expression by developmentally segregated subsets of immature thymocytes. Virtually all nonpositively selected subsets of DP thymocytes express significant levels of RAG-1 messenger RNA, suggesting that they are capable of continued TCR gene rearrangements. Samples are as follows: Lanes (1) unseparated thymocytes; (2) total DP thymocytes; (3) total CD3-DP thymoeytes; (4) small (noncycling) CD3-DP thymocytes; (5) total CD31oDp thymocytes; (6) small (noncyding) CD3LoDp thymocytes; (7) CD3hiDP thymocytes; (8) mature thymic SP cells (CD3hi4+8 -and CD3~4-8+). Results shown are typical of two to three experiments for each cell type. The Relationship of KAG-I RNA Expression to Normal Thymocyte Maturation. The high frequency of CD3/TCR acquisition by noncycling CD3-DP thymocytes was surprising, as these cells were expected to represent the large proportion of cells failing productive TCR gene rearrangements. Further, these findings suggested that such cells must be capable of continued TCR gene rearrangement, and should therefore express indicators of V(D)J recombinase activity. One of the best indicators of such activity is expression of RAG-1 and -2 (20, 23) . Whereas the proteins encoded by these genes have not as yet been demonstrated to mediate V(D)J recombination directly, recombination is not known to occur in the absence of RAG expression (23, 24) . Consequently, we assayed developmentally segregated subsets of thymocytes for RAG expression by Northern blotting (Fig.  3 ). Confirming the above findings of CD3/TCR acquisition by noncycling CD3-DP, we found that small noncycling CD3-DP thymocytes from normal C57BL/6 mice expressed high levels of RAG-1 message. RAG-2 message was also present in all subsets at lower, but proportional, levels (data not shown), as expected (23) . Isolated RNA from equal numbers of cells, as determined by FACStar | (Becton Dickinson & Co.) and hemacytometer counting, was loaded in each lane, as is confirmed by ethidium bromide staining of the gel before transfer to nitrocellulose (Fig. 3) . Similar populations of cells from bcl-2 transgene mice also expressed RAG-1 message, albeit at a reduced level (data not shown). The reasons for this reduced expression are not clear. However, thymocytes from bcl-2 transgene mice also express lower levels of other mRNAs on a per cell basis (Petrie, H., and F. Livak, unpublished observations) suggesting that this is not a specific downregulation of recombination-associated activity in these cells.
In addition to expression in CD3-DP ceils, we found significant levels of RAG-1 mRNA among immature cells already expressing CD3/TCR c~/fl (i.e., CD31~ This has previously been shown using mice expressing transgenic TCR genes (25) , and has been suggested by the downregulation of RAG expression after anti-CD3 treatment (26) . Our data extends these results by demonstrating that RAG expression persists even among TCR-expressing, noncycling thymocytes from normal mice. Clearly, mature single positive (SP) thymocytes do not express detectable RAG activity (Fig. 3) , suggesting that positive sdection may dowuregulate active recombination, as suggested (25, 27) . Also consistent with recently published data using TCR transgenic mice (25), we found low level, but detectable, RAG-1 message among positively selected CD3hIDp cells. Such expression may represent residual message in cells that have recently undergone positive selection. It is possible that inhibition of recombination may be mediated at the protein levd in positively sdected cells, thus negating the potentially disruptive effects of any residual RAG message.
Replacement of Transgenic TCR at Chains with Endogenous TCR at Chains by Nonselected Thymocytes in Culturc
The expression of RAG mRNA by immature thymocytes already expressing in-frame rearrangements (i.e., CD31~ cells), as shown above, suggested that in the absence of positive sdection, TCK-expressing thymocytes might continue to rearrange TCK genes, in an attempt to express new TCKs that may be positively selectable. If this were true, new TCR chains should eventually replace existing ones on the surface of nonsdected thymocytes. Using CD31~ thymocytes from normal mice, this possibility cannot be assessed, as no single TCK a chain specificity exists in sufficient numbers for sorting, and in any case, the simple act of sorting by TCR expression would induce death, as described earlier (see introductory section). We have overcome these obstacles by using mice expressing single TCR o~ and /3 chains of known specificity, as well as the kl-2 transgene to prevent death induced by anti-TCK antibodies used in cell sorting. Mice expressing transgenic TCK cz and/3 chains specific for the male H-Y antigen presented in the context of H-2D b were chosen for this purpose (16) . TCK transgenic mice were bred onto the H-2D a (DBA/2) genetic background, and were crossed with bcl-2 transgenic mice also bred onto DBA/2, such that positive selection would not occur in the offspring. Further, only female mice were used as sources of thymocytes, such that negative sdection events were also avoided. Transgene TCR ol/fll~ cells were isolated from such mice, and cultured for 4 d in simple culture medium. Cultured cells were then restained and analyzed for transgenic TCK cx and/3 chain surface expression using the same antibodies used in sorting, which recognize the transgenic TCK a and/3 chains. As is shown in Fig. 4 a, about 25-30% of initially TCK a/fl transgene-positive cells had apparently lost most TCK ot transgene expression. Proportional losses of transgenic TCR/3 chain expression were not seen. Neither transgenic TCK c~ nor/3 chains were lost from the surface of TCR cx/fl transgene--positive mature peripheral T cells from (H-Y TCK transgenie X kl-2 transgenic) C57BL/6 female (i.e., positively selecting, nonnegatively sdecting) mice after a similar culture period (Fig. 4 b) , demonstrating that the loss of transgenie TCR c~ chains seen among immature cells is not an artefact induced by culture. The most likely explanation for these findings is that in nonpositively selected thymocytes, TCK c~ genes continue to rearrange, even after surface expression of TCP, ol/fl heterodimers. It is interesting to note that the population ofceUs showing loss of the TCR ex transgene does not appear to be completdy negative for transgene expression, suggesting that newly formed (in this case, endogenous) TCR ~x chains may simply compete with existing ones for available TCR fl chains. Thus, it follows that in the event an existing in-frame joint is replaced by an out-of-frame one, existing TCR ol surface expression may persist for some time, depending on the half-life of the TCR c~/fl surface complex. This is consistent with the findings shown in Table 1 , demonstrating that cultured CD31~ do not downregulate surface CD3 expression after culture.
Discussion
Several of the experiments described herein involve the use of transgenic model systems, however, we believe that our results are applicable to unmanipulated animals as well. Numerous experiments validating the usefulness of the TCR transgenic mouse model used here have been described (see references 2, 6, 16, 25, and 28 for a partial bibliography).
The bcl-2 transgenic mice were more recently established (13) (14) (15) . However, in all studies published to date (13) (14) (15) 18) , the vast majority of data suggest that despite their profound resistance to cell death, most developmental phenomena occur normally in such mice. Further, the use of these transgenic models has facilitated the execution of experiments not possible using cells from normal mice due to inherent limitations, such as death induced by anti-CD3/TCR antibodies, or very low frequencies of individual TCR o~ chain specificities.
Our results support a number of conclusions. First, the proportion of thymocytes that eventually express TCR odfl surface molecules is much higher than can be predicted by classical models. Assuming that TCR ol and B genes rearrange independently, that each allele rearranges only once, and that rearrangements of each locus ceases after an in-frame rearrangement on one allele, each cell would have an "~30%o chance of producing an o~/fl pair. Even assuming that TCR B chains are already productively rearranged in thymocytes that rearrange TCR ol chain genes (see below), only a 56% success rate for TCR odfl assembly can be predicted (see ref-
erence 4 for a discussion of these estimates, using TCR fl genes as an example). To achieve the high frequency of success shown here (i.e., 80-90%; see Fig. 2 and Table 1 ), a significant number of immature thymocytes must carry out multiple rearrangements of at least one of their TCR ol alldes. Assuming that V~-J~ rearrangement occurs exclusively by DNA deletion (as opposed to inversion), each successive rearrangement would involve V~ gene segments located further 5' and J~ gene segments located further 3' in the locus. Such a mechanism has been previously proposed by others (for a review, see reference 4), but has not been directly demonstrated.
Since survival of DP cells in our cultures was <100% (Table  1) , it was possible to suggest that the high rate of CD3/TCR acquisition by CD3-DP reflects the survival of those cells making in-frame rearrangements, and selective death of the remainder. However, no differences in survival rates have been noted between CD3-and CD3 l~ DP cells in culture (Table  1 , and additional data not shown), suggesting that this is not the case. Further, the demonstration of RAG expression by noncycling CD3-DP cells also supports the concept that these cells are actively rearranging TCR genes. RAG expression by non-TCR-transgenic, noncycling cells already expressing surface TCR odfl suggests that TCR gene rearrangement continues in all nonmature (i.e., nonpositively selected) tbymocytes. The finding that RAG expression is downregulated in CD3 ~ cells suggests that positive selection may be required before TCR gene rearrangement finally stops. This is consistent with recently published data (27) , showing that RAG expression is high in immature TCR transgenic thymocytes when the positively selecting MHC element is absent, but is downregulated when positive selection can occur.
Because two out of three TCR gene rearrangements are expected to produce out-of-frame joints, multiple sequential TCR gene rearrangements would be an effective mechanism for maximizing the proportion of potentially useful thymocytes. However, successful surface expression of productively rearranged antigen receptors is not sufl~dent for T cell maturation. Rather, thymocytes expressing TCRs exhibiting self-MHC restriction capacity are chosen from a pool of thymocytes (18) to CD31oDp is also shown, as has been described (17, 36, 37) . CD31oDP cells that fail positive selection and continue TCK cx gene rearrangements do not revert to a TCR ~/31o state, but may replace existing TCR ot chains with newly formed ones if subsequent rearrangements are in-frame. (Vlo) very low and (Io) low (typical cortical) levels, as described (17, 28, (35) (36) (37) .
that express randomly generated TCKs. Our data suggest that the increased likelihood for survival imparted by multiple rearrangements is further amplified by continued TCR o~ gene rearrangements among nonselected cells, even those already exhibiting surface expression of in-frame TCR gene products. Cells that initially express a nonselectable receptor continue to rearrange TCR o~ loci, and can express TCR c~ chains of a new specificity, providing that at least one subsequent rearrangement is in-frame. Consequently, it appears that thymocytes maximize their chances for positive selection by continually making new receptor combinations until positive selection occurs. Successive TCK c~ gene rearrangement would lead to deletion of the existing in-frame V~-J~ joint in nonpositively selected CD31~ if such a rearrangement occurs on the same allele, thus preventing the cell from expressing two different TCK ot chains. However, rearrangement on the other allele may result in two in-frame rearrangements in the same cell, as has been reported in T cell hybridomas (25, 29) . In this case, an alternative mechanism for regulation of surface expression must exist, such as differences in the affinities of the two TCR ol chains for pairing with TCK/3 (25) . In any case, an out-of-frame rearrangement of a previously in-frame allele may not necessarily result in the immediate loss of surface TCR, as discussed above. For several reasons, it appears likely that TCK/3 chain genes are already rearranged in cells actively rearranging TCR-ot. First, thymocyte development is arrested at the CD4-8-(double negative [DN]) stage in RAg-deficient mice (24, 30) , suggesting that at least some TCK rearrangement is required for progression to the DP stage. Second, thymocytes from TCR/3 chain-deficient mice also exhibit developmental arrest at the DN stage (31), whereas TCK cx-defident mice have normal numbers of DP thymocytes (31, 32) . This suggests that DP cells are likely to have undergone TCR 3 but not necessarily TCR cr gene rearrangement. Third, the introduction of a rearranged TCR/3 (but not TCR c~) transgene into SCID mice (28) or RAG-l-deficient mice (31) induces the development of DP cells, suggesting that the presence of an in-frame TCR/3 gene (or its product) allows progression to the DP stage. Finally, essentially all DP cells from TCR c~-deficient mice express in-frame TCR/3 gene rearrangements (33) , showing that in-frame TCR/3 gene rearrangements occur before the DP stage. Thus, progression from the DN to the DP stage appears to be dependent upon successful TCR/3 but not c~ gene rearrangement. Rearrangement of TCK-/3 at the DN stage would impart significant biological benefits. Since DN cells represent only about 2% of all immature thymocytes, and since about 56% of these would make productive rearrangements in TCR-/3 after single rearrangements on both alleles (4), the number of immature thymocytes with failed TCR-/3 rearrangements would be <1% of all immature cells produced. Further, successful assembly of an or//3 heterodimer by a DP cell would thus be dependent solely upon the success of TCR cr gene rearrangement. Therefore, about 56% of all DP would have in-frame TCR ol and/3 genes after one recombination event on each TCR ot allele. Each successive rearrangement of both TCK c~ alleles would yield in-frame TCR c~ genes in 56% of the remaining cells, bringing the total number of cells with productive rearrangements in both TCR ot and/3 genes to over 80% after just two successive TCR c~ rearrangements. Thus, the amount of waste in the thymus is likely to be significantly less than previously thought. Further, a deadend population, representing cells with out-of-frame rearrangements, may not exist to any significant extent. Other mechanisms of cell death are certain to persist, however, such as failure to produce any in-frame rearrangements, failure to produce a positively selectable TCR c~//3 pair, or production of a self-reactive TCR leading to negative selection.
Evidence is mounting that after productive rearrangement, TCR /5 chains may be expressed on the cell surface as homodimers at very low levels, in conjunction with CD3 (28, 34, 35) . This could explain why the most mature DN cells appear to express very low levels of CD3/TCR-B (17, 36, 37) , and why CD3-DP cells do not appear to be entirely CD3/TCR-~-negative (Fig. 1) . It is interesting to note that rearrangement may proceed at certain susceptible loci without affecting others (i.e., TCR-~/but not -or, or the reverse), suggesting the presence of locus-specific regulatory components of the recombination process. If TCR ~ rearrangement does precede that of TCR-c~, as most evidence suggests, (24, 28, (30) (31) (32) (33) specific regulation would in most cases be necessary to prevent the deletion of productively rearranged TCR B genes while TCR oe rearrangement is proceeding.
It is now possible to propose a significantly revised scheme for intrathymic T cell development (Fig. 5) . TCR ot chain gene rearrangement proceeds in a sequential manner, as described above. Once an in-frame rearrangement occurs, TCR cr can pair with preexisting TCR B chains and become expressed on the cell surface, making the cell available for selection. However, rearrangement of TCR-ot does not stop, and continues in nonselected ceUs until positive selection occurs, or the cell dies. This model also suggests the possibility that one mechanism for the finite lifespan of DP cells may be the progressive exhaustion of all or most TCR ot V or J gene segments. Experiments are currently underway to address this possibility.
